


o 

(N 



(N 






Oh! 



X 



SLAC-PUB-8238 
October 1999 



Indirect Collider Tests for Large Extra 
Dimensions |^ 



Thomas G RizzoQ 

Stanford Linear Accelerator Center, Stanford CA 94309, USA 



Abstract. We review the capability of colliders to detect the 
virtual exchange of Kaluza-KIein towers of gravitons within the 
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1. Introduction 



Arkani-Hamed, Dimopoulos and Dvali(ADD) recently proposed a interest- 
ing low scale quantum gravity scenario which offers a new slant on the 
(-H I hierarchy problem||I|. In its simplest form, gravity is allowed to live in 

n 'large' extra dimensions, i.e., 'the bulk', while the Standard Model(SM) 
fields lie on a 3-D surface or brane, 'the wall'. Gravity then becomes strong 
in the full 4 + n-dimensional space at a scale M^ ~ a few TeV which is far 



H I below the conventional Planck scale, Mpi ~ 10^^ GeV. The scales Ms and 

Mpi are simply related via Gauss' Law: 

M 2 = 14M;+2 , (1) 

^ To appear in the Proceedings of Beyond the Desert99: Accelerator, N on- Accelerator 
and Space Approaches, Castle Ringberg, Tegernsee, Germany, June 6-12 1999 
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with Vn being the volume of the compactified extra dimensions. For n extra 
dimensions of the same size, the simplest possibility, termed a symmetric 
compactification, Vn ^^ i?" and one finds that R ^ xO'^°/"~^^ meters assum- 
ing Ms ~ f TeV. Note that for separations between two masses less than 
R the gravitational force law becomes l/r^+". For n = 1, R ^ 10^^ meters 
and is thus obviously excluded, but, for n — 2 one obtains R ^ 0.1 mm, 
which is at the edge of the sensitivity for existing experiments O]. One 
can imagine more general scenarios, termed asymmetric compactifications, 
where, e.g., there are p 'small' dimensions that have sizes of '^ 1/TeV with 
the effective number of 'large' extra dimensions being n^ff = n — p, where 
now n = 6 or 7 as suggested by string theoryQ. Astrophysics^ requires 
that Ms > 110 TeV for n = 2 but only > a few TeV for n > 2. 

The ADD scenario is based on the assumption that the metric ten- 
sor factorizes, i.e., that the usual 4-D components are independent of 
the co-ordinates of the other dimensions. Giving up this assumption can 
lead to a number of other interesting scenarios with completely different 
phenomenology g . 

The Feynman rules Im for the ADD scenario are obtained by considering 
a linearized theory of gravity in the bulk, decomposing it into the more 
familiar 4-D states and recalling the existence of Kaluza-Klein towers for 
each of the conventionally massless fields. The entire set of fields in the 
K-K tower couples in an identical fashion to the particles of the SM. By 
considering the forms of the 4+ri symmetric, conserved stress-energy tensor 
for the various SM fields and by remembering that such fields live only on 
the wall one may derive all of the necessary couplings. An important result 
of these considerations is that only the massive spin-2 K-K towers (which 
couple to the 4-D conserved, symmetric stress-energy tensor, T'^") and 
spin-0 K-K towers (which couple proportional to the trace of T'^") are of 
phenomenological relevance as all the spin-1 fields can be shown to decouple 
from the particles of the SM. For processes that involve massless fields at at 
least one vertex, as will be the case below, the contributions of the spin-0 
fields can also be ignored. 

Outside of table top experiments and astrophysics, the two ways of 
probing this scenario are via the emission of KK towers of gravitons in 
scattering processes or through the exchange of KK graviton towers be- 
tween SM fields Ig, 01 • In the case of emission, one uses the Feynman rules 
to calculate the cross section for the production of a graviton of fixed mass 
and then sums over the full tower of states. If the mass splittings among 
the gravitons are small in comparison to the typical energy scale of the 
process of interest we can replace the summation by an integral weighted 
by the n-D density of states and which is cut off by the specific process 
kinematics. Due to the huge number of KK states which are integrated 
over the typical Mpi suppression one expects from gravity vanishes and 



is replaced by suppression due to simple powers of E/Ms, with E being 
the typical energy scale in the relevant interaction. Perhaps the simplest 
process of this kind is e^e~ — > G„7, with G„ representing the tower of 
gravitons that appear as missing energy in a detector. Fig.l shows the 
typical signal cross section and background for this process at LEP II for 
different numbers of extra dimensions with Ms — 1 TeV which is close to 
the present experimental bound Iq] for n = 2. 
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Figure 1. Cross section with ^/s — 195 GcV for e+e~ — > G„7 as a function 
of the photon energy assuming Mg — 1 TeV with 2(3,4) extra dimensions 
corresponding to the solid(dash-dotted, dashed) curve. The dotted curve 
is the SM background. 



2. Graviton Exchange 



The virtual exchange of graviton towers either leads to modifications in SM 
cross sections and asymmetries or to new processes not allowed in the SM 
at the tree level. In the case of exchange the amplitude is proportional to 
the sum over the propagators of the entire KK tower which naively diverges 
when n > 1 even when transformed to an integral over the density of states. 
This integral can either be regulated by a brute force cut-off, by the tension 
of the 3-branePl, or through the finite extent of the SM fermion wave 
functions in the additional dimensions |1C|] . The differential cross sections 
then become relatively n insensitive functions of the effective cut-off scale, 



traditionally taken as Ms , and the overall sign of the dimension-8 operator 
induced by the KK tower, A. Thus effectively, we essentially have the 
replacement 

i'^ °° I X 

OlVl PI n^i n s 

where Mpi is the reduced Planck scale. Note that this replacement is uni- 
versal in that it is independent of the choice of particles in the initial or final 
state. Similar substitutions also take place in the t- and u-channels allowing 
for the straightforward calculation of a large number of cross sections for 
different processes. A characteristic feature in all cases is the rapid growth 
with energy of the graviton contribution to the amplitude; relative to the 
pure SM, interference terms go as ~ s"^ /M^ whereas the pure gravity terms 
behave as ^ s'^/Mf. For s significantly larger than M^ tree level unitarity 
is violated but, long before that, we would expect other operators, higher 
order quantum gravity and stringy effects to become important providing 
some sort of a natural cut off. As one can imagine, there are a huge number 
of processes that one can now examine for KK exchange sensitivity and we 
can only review some of them here. We refer the interested reader to the 
original literature Q]. 



3. Lepton Colliders 

Due to the spin-2 nature of the gravitons in the tower, angular distributions 
(and polarization asymmetries) become particularly sensitive probes of this 
scenario. For example, the differential cross section for the process e'^e~ -^ 
ff now contains both cubic as well as quartic terms in cos 9 and is shown 
in Fig. 2 for / = 6 at LEP II energies. In all such processes the interference 
between the SM and graviton KK tower exchanges is found to vanish when 
all angles are integrated over thus emphasizing the importance of examining 
differential distributions when trying to constrain Ms- 

Hewettp performed a combined fit of the angular distributions of all 
kinematically accessible // final states, as well as the polarization of the t, 
to obtain a potential search reach for LEP through these channels of Ms ~ 1 
TeV for either sign of A. She also demonstrated that e~^e~ colliders could 
distinguish the particular deviations induced by these spin-2 exchanges 
from those due to lower spins, such as a, Z' ot i> in R-parity violating 
models [|ll[, or from exchanges in other channels, such as lept o quarks |1^, 
almost up to the search reach. Such an analysis can be extended to the 
case of a 500 GeV or 1 TeV linear collider with the results as shown in 
Fig. 3. Here not only are the differential cross sections employed but also 
the angular dependent polarization asymmetries, shown in Fig. 2 for the 
case of the b quark, since the initial electron beam can now be polarized. 

4 



2 150 - 





Figure 2. Distortions (top) in the bin integrated SM cross sec- 
tion(histogram) for e+e^ -^ bb at y^ = 200 GeV with a luminosity of 
1 fb~^ assuming Ms = 0.6 TeV. The two sets of 'data' correspond to 
A = ±1. The corresponding distortions in the b Left-Right Asymmetry 
at a 500 GeV Unear coUider are shown in the bottom panel assuming a 
luminosity of 75 fb~^. 



We see that the reach from such a combined channel analysis of this type 
is of order Mg ^ 6 — 7y/s. 
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Figure 3. Search reaches for M^ at a 500 GeV(top) and 1000 GeV(bottom) 
e^e^/e^e^ collider as a function of the integrated luminosity for 
Bhabha(dashed) and MoUer (dotted) scattering for either sign of the pa- 
rameter A in comparison to the 'usual' search employing the combined 
channel e+e^ ^ //(solid) fit as described in the text. 



e^e^ annihilation into gauge boson pairs also can provide reasonable 
sensitivity to Mg as shown in Figs. 4 and 5 for W^W^ and ZZ production 
at LEP II, respectively. We note that unlike what happens in many other 
new physics scenarios, the W^W^ total cross section can actually be de- 
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creased through the exchange of KK towers of gravitons. While the KK 
towers do not lead to any appreciable modification of the ZZ angular dis- 
tribution, they modify the W^W~ distribution in the backwards direction 
due to the dominance of the SM t— channel v exchange graph. The KK 
tower exchange is found to lead to essentially insignificant modifications 
in the helicity fractions of the final state gauge bosons at LEP II energies 
although the effects are somewhat larger at higher energy colliders W. The 
differential cross section modifications in the case of the 77 final state are 
similar to those of ZZ. 

As mentioned earlier, graviton exchange can lead to new processes which 
are forbidden at the tree level in the SM. An excellent example of this is 
provided by the process e"'"e~ -^ 2h where /i is a Higgs boson; in the SM 
or MSSM this process can only occur at the one-loop level. The angular 
distribution induced from the tree level graviton exchange and that arising 
from loops are quite distinct since the graviton exchange graph leads to 
a distribution quartic in cos 6. The cross section is reasonably large with 
measurable rates possible at future linear colliders for Ms ~ 1 TeV but are 
found to decrease rapidly as Ms is increased, i.e., a ~ s"^ /Mf as shown in 
Fig.6. 



4. Hadron Colliders 

Hadron colliders such as the Tevatron and LHC offer many distinctive 
probes for the exchange of KK towers of gravitons. Here we will limit our 
discussion to the Drell-Yan process and top quark pair production. 

An interesting feature of the ADD scenario in the case of Drell-Yan 
channel is the contribution of gg initial state to the charged dilepton pair 
production, i.e., gg, qq — > Gn —^ i~^£~ . This additional amplitude helps to 
increase the Ms reach for this process, particularly at the LHC where the 
gg luminosities are so large. As in the case of e~^e~ -^ ff, the KK exchange 
modifies both the cross section as well as the angular distribution as probed 
by the Forward-Backward asymmetry, ApB ■ In the case of the total cross 
section as the invariant pair mass of the leptons approaches Ms there is a 
substantial rise in the cross section, for either sign of A, appearing in the 
form of a shoulder as is typical of contact interaction signatures. Similarly 
as the scale Mg is approached from below the magnitude of ApB is seen 
to decrease towards zero. This is easily understood since the graviton 
KK tower couplings are C and P conserving thus leading to a angular 
distribution for leptons which involve only even powers of cos 9 and a null 
asymmetry. Fig. 7 shows how these deviations would appear at hadron 
colliders. HewettH has estimated the Ms search reach for the Drell-Yan 
channel at both the Tevatron and LHC by performing a fit to both the bin 
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Figure 4. Total cross section and angular distribution for W^W^ produc- 
tion at LEP II energies for the case of the SM (solid) or the ADD model 
with Ms = 0.6 TeV and A = ±1 (dashed). The angular distribution in the 
lower panel is for ,/s = 200 GeV. Note z = cos9. 
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Figure 5. Same as in the previous figure but now for the ZZ final state. 



o 
o 

\ 




Figure 6. Tree level production rate for Higgs boson pairs due to graviton 
tower exchange at a 500 GcV e+e^ collider as a function of the Higgs mass 
scaled to an integrated luminosity of 100 fb~^. From top to bottom the 
curves correspond to the choice Mg = 1 TeV increasing in steps of 0.1 TeV. 
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Figure 7. Drell-Yan cross section at the LHC in the SM(histogram) as well 
as for Ms^2.5 or 4 TeV. Afb at the Tevatron with Ms=0.8 TeV for either 
sign of A. 



11 



integrated total cross section and ApB and obtained the results shown in 
Fig. 8. In particular we see that the LHC reach is ~ 5.3 TeV, somewhat 
less than that obtainable at a 1 TeV linear collider. 
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Figure 8. Mg reaches at the Tevatron and LHC from DrcU-Yan. 



In the case of top pair production it has been shown that the deviation 
in the cross section due to graviton tower exchanges, gg,qq —^ G„ —f ti, 
is not the best probe for large values of Mg. (The respective deviations in 
the total ti cross sections at the Tevatron and LHC due to KK gravitons 
are shown in Figs. 9 and 10.) Thus in order to gain in sensitivity we must 
look at the various distributions. It0 has also been shown that neither the 
rapidity nor the top quark angular distributions are particularly sensitive to 
these new contributions. However, the top quark pt and top pair invariant 
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mass distributions do show substantial sensitivity to finite Ms as is also 
shown in Figs. 9 and 10. Performing a simultaneous fit to both the pt and 
Mjf distributions leads to a reach of 1.2(6) TeV at the Run II Tevatron with 
an integrated luminosity of 2 Jh^^ (LHC with an integrated luminosity of 
100 fb~^). These values are quite comparable to but somewhat better than 
those obtained through the analysis of the Drell-Yan channel. 



ft 



. ' ' ' ' 1 ' ' ' ' 1 


''''!''' 


' 1 ' ' ' ' . 


\ 




- 


\ 
\ 

\ 




- 


■ 


~^^--^.,^ . 


. 








— 


, , , , 1 , , , , 1 


, , , , 1 , , , 


, 1 , , , , " 



Ms (GeV) 






> 

o 
\ 

XI 

s 
\ 

b 



400 500 600 700 800 900 

M (GeV) 

Figure 9. Top pair production cross section at Run II of the Tevatron as 
a function of Ms- The solid band represents an approximate 15% error 
on the cross section determination. Although the results for both A — ±1 
are shown they are visually difficult to separate. Also shown is the top 
pair invariant mass distribution at Run II of the Tevatron assuming the 
SM(sohd) or M^ = 800(1000) GeV as the dashed(dotted) curve. 
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5. HERA 

ep collisions at HERA allow us to probe i-channel graviton tower exchange 
via the processes eq^g — > eq,g; note that the gluon contribution in now 
present as it was for the Drell-Yan process. By fitting the cross sections 
at low-Q^ we can extrapolate the cross sections to larger Q^ to obtain an 
estimate of the Ms reach. This result is found to be fairly insensitive to 
the choice of beam polarization or whether e"*" or e~ beams are employed. 
The reach as a function of the integrated luminosity is shown in Fig.llQ]. 



6. 77 and 76 Colliders 

Polarized 77 and 76 collisions may be possible at future e^e~ colliders 
through the use of Compton backscattering of polarized low energy laser 
beams off of polarized high energy electrons. The resulting backscattered 
photon distribution, ,f-f{x — Ej/Ee), is far from monocnergetic and is cut 
off above Xmax — 0.83 implying that the colliding photons are significantly 
softer than the parent lepton beam energy. This cutoff at large x implies 
that the 77(e) center of mass energy never exceeds ~ 0.83(0.91) of the 
parent collider. In addition, both the shape of the function fj and the 
average helicity of the produced 7's are quite sensitive to the polarization 
state of both the initial laser (Pi) and electron (Pg) whose values fix the 
specific distribution. 

While it is anticipated that the initial laser polarization will be near 
100%, i.e., \Pi\ — 1, the electron beam polarization is expected to be be 
near 90%, i.e., \Pe\ = 0.9. We assume these values in the analysis that 
follows. With two photon 'beams' and the choices Pi = ±1 and Pg = ±0.9 
to be made for each beam it would appear that 16 distinct polarization- 
dependent cross sections need to be examined. However, we find that 
there only six physically distinct initial polarization combinations. In what 
follows we will label these possibilities by the corresponding signs of the 
electron and laser polarizations as {Pei,Pii,Pe2,Pi2)- (Unpolarized cross 
sections can be obtained by averaging.) Clearly some of these polarization 
combinations will be more sensitive to the effects of K-K towers of gravitons 
than will others. 

The first set of processes to examine is 77 — > //, gg which have so 
far only fully been examined in the case of unpolarized beams. Note that 
since there are identical particles in the initial state no ApB can be formed 
in this case. The analysis here is similar to that for combined channel 
e+e^ -^ ff study in that all accessible final states are included in the 
fit; the results are shown in Fig. 12. The obtainable reach is found to be 
Ms ~ 4Y^g+g_, somewhat less than in e+e^ collisions mostly due to the 
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Figure 10. Top pair production cross section and pair invariant mass dis- 
tribution at LHC. In the top quark pair invariant mass plot the values of 
Ms were chosen to be 3, 3.5 and 4 TeV with A = ±1. 
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Figure 11. 95% CL lower bound on the value ol M^ obtainable at HERA 
as a function of the integrated luminosity per charge/polarization state for 
A = ±l. 



lower effective center of mass energy of the colliding photons and the lack 
of polarization information. One would naively expect that the reach for 
Ms would increase somewhat if the possibility of beam polarization were 
included in the analysis. 

The W~^W~ final state offers many observables and very high statistics 
with which to probe the KK contributions. The differential cross sections 
are shown in Fig. 13 for the SM as well as when the K-K tower is turned 
for all six initial helicity combinations. Note that in the SM there is no 
dramatically strong sensitivity to the initial state lepton and laser polariza- 
tions and all of the curves have roughly the same shape. When the graviton 
tower contributions are included there are several effects. First, all of dif- 
ferential distributions become somewhat more shallow at large scattering 
angles but there is little change in the forward and backward directions due 
to the dominance of the SM poles. Second, there is now a clear and dis- 
tinct sensitivity to the initial state polarization selections. In some cases, 

particularly for the ( — l-H — ) and (H h— ) helicity choices, the differential 

cross section increases significantly for angles near 90° taking on an m-like 
shape. This shape is, in fact, symptomatic of the spin-2 nature of the 
K-K graviton tower exchange since a spin-0 exchange leads only to a flat- 
tened distribution. Given the very large statistics available with a typical 
integrated luminosity of 100 fb^^, it is clear that the 77 -^ W^W~ dif- 
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Figure 12. Search reaches for the processes 77 — > //, with / being the 
c,t and b quarks together with e, /i and r(lowest curve of a given type), 
and for lepton pairs, top, plus hght quark jets(upper pair of curves) as a 
function of the total 77 integrated luminosity. At a 500(1000, 1500) GeV 
e^e^ collider the result is given by the dashed(dotted, solid) curve and in 
the former case is essentially independent of the choice A = ± 1 . 
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Figure 13. Differential cross section for 77 — > W^W at a 1 TeV e"*"e 
collider for (Top)the SM and with Ms = 2.5 TeV with (Bottom)A = 1. 
The A = — 1 results are nearly identical. In (Top) from top to bottom in 
the center of the figure the hehcities arc (+ + ++), (+ + +— ), ( — h H — ), 

(+ H ), (H ), and (H 1 — ); in (Bottom) they are (- + H — ), 

(+ - +-), (+ + +-), (+ ), (+ + ++), and (+ + ) 
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ferential cross section is quite sensitive to Ms especially for the two initial 
state helicities specified above. 

In the SM, the final state Ws are dominantly transversely polarized. 
Due to the nature of the spin-2 graviton exchange, the K-K tower leads to 
a final state where both PF's are completely longitudinally polarized. Thus 
we might expect that a measurement of the W polarization will probe Mg. 
By combining a fit to the total cross sections and angular distributions 
as well as the LL and LT + TL helicity fractions for various initial state 
polarization choices we are able to discern the discovery as well as the 
95% CL exclusion reaches for Ms as shown in Fig. 14. Here we see a reach 
of M — s ^ ll-v/s, which is the larger than that obtained from all other 
processes examined so far[0. 

The process 77 -^ ZZ does not occur at the tree level in the SM or 
MSSM. This would naively seem to imply that this channel is particularly 
suitable for looking for new physics effects since the SM and MSSM rates 
will be so small due to the loop suppression; unfortunately this is not the 
case. In the case of the ADD scenario the tree level K-K graviton tower con- 
tribution is now also present. Neglecting the loop-order SM contributions 
for the moment we obtain the resulting polarization-dependent differential 
cross sections shown in Fig. 14. The rather small cross section found here 
leads to a rather poor sensitivity it Ms of order 4 — 5^/s. 



7. Summary 

In this paper we have surveyed some of the processes which can be used 
to probe for the exchange of KK towers of gravitons in the ADD model. 
Table I from ||l^ gives an overall summary of the indirect search reaches 
for scale Mg- 
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Table 1. Mg search limits in TeV for a number of various processes. 
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